INTRODUCTION
Feed costs remain the largest variable input expense associated with beef production (Arthur et al., 2005) . Additionally, because of rising feed costs, the increasing diversion of traditional livestock feedstuffs for production of biofuels is of growing concern (Galyean et al., 2011) . Therefore, a better understanding of the microbial mechanisms associated with feed efficiency could lead to improved efficiencies as well as increase the profitability of livestock production enterprises.
Beef cattle host genetic contributions to feed efficiency have been difficult to pin down (Saatchi et al., 2014) . This is likely due, in part, to differing genetics, feed regimens, and environments among studies. We ABSTRACT: Research regarding the association between the microbial community and host feed efficiency in cattle has primarily focused on the rumen. However, the various microbial populations within the gastrointestinal tract as a whole are critical to the overall well-being of the host and need to be examined when determining the interplay between host and nonhost factors affecting feed efficiency. The objective of this study was to characterize the microbial communities of the jejunum among steers differing in feed efficiency. Within 2 contemporary groups of steers, individual ADFI and ADG were determined from animals fed the same diet. At the end of each feeding period, steers were ranked based on their standardized distance from the bivariate mean (ADG and ADFI). Four steers with the greatest deviation within each Cartesian quadrant were sampled (n = 16/group; 2 groups). Bacterial 16S rRNA gene amplicons were sequenced from the jejunum content using next-generation sequencing technology. The phylum Firmicutes accounted for up to 90% of the populations within all samples and was dominated by the families Clostridiaceae and Ruminococcaceae. UniFrac principal coordinate analyses did not indicate any separation of microbial communities within the jejunum based on feed efficiency phenotype, and no significant changes were indicated by bacterial diversity or richness metrics. The relative abundances of microbial populations and operational taxonomic units did reveal significant differences between feed efficiency groups (P < 0.05), including the phylum Proteobacteria (P = 0.030); the families Lachnospiraceae (P = 0.035), Coriobacteriaceae (P = 0.012), and Sphingomonadaceae (P = 0.035); and the genera Butyrivibrio (P = 0.019), Acidaminococcus (P = 0.018), and Ammoniphilus (P = 0.022). The study identified jejunal microbial associations with feed efficiency, ADG, and ADFI. This study suggests the association of the jejunum microbial community as a factor influencing feed efficiency at the 16S level.
hypothesize that the microbial populations present along the cattle gastrointestinal tract (GIT) and variation among these populations may play important roles in determining the efficiency of breakdown and absorption of nutrients from feed. In ruminants, pregastric fermentation plays a key role in energy production and nutrient supply to the host, and therefore. much research has focused on the association between microbiota and feed efficiency in the rumen (Kim et al., 2011; Hernandez-Sanabria et al., 2012; McCann et al., 2014) . Apart from recent research (Myer et al., 2015b,c) , few other GIT communities have been examined in ruminants. Within the jejunum, important functions include the enzymatic breakdown of nutrients and their absorption. Accordingly, these jejunal/ ruminal differences dictate their examination to fully understand the relationship between microbial populations along the beef cattle GIT and feed efficiency, ADG, and average daily DMI (ADFI).
To address this knowledge deficiency, we examined the microbial community of the jejunum from steers differing in feed efficiency using deep 16S rRNA-based community profiling. We hypothesize that variation in the microbial populations within the jejunum could contribute to variation in feed efficiency.
MATERIALS AND METHODS

Ethics Statement
This experiment was conducted to conform to the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (FASS, 2010) and was approved by the U.S. Meat Animal Research Center Animal Care and Use Committee.
Experimental Design and Jejunum Content Sampling
Steers selected for this study came from a population of cattle being developed to have a high percentage of the following breeds: Angus, Beefmaster, Brahman, Brangus, Braunvieh, Charolais, Chiangus, Gelbvieh, Hereford, Limousin, Maine Anjou, Red Angus, Salers, Santa Gertrudis, Shorthorn, Simmental, South Devon, and Tarentaise. Each year heifers and cows were artificially inseminated with semen from prominent industry bulls of their dominant breed. This program resulted in offspring ranging from 50 to 75% of the same breed as their sire with the exception of Angus and Hereford, which ranged from 50 to 100% of the same breed as their sire. Individual feed intake was measured using an Insentec feeding system (Insentec B.V., Marknesse, The Netherlands). Steers were fed a ration (DM basis) of 57.35% dry-rolled corn, 30% wet distillers grain with solubles, 8% alfalfa hay, 4.25% supplement (containing 772 mg monensin/kg), and 0.4% urea. Feed intake and BW gain were measured over a 63-d period (LindholmPerry et al., 2013; Myer et al., 2015a) . Steers were selected from 2 contemporary groups. Group 1 (n = 148) comprised spring-born calves that were 371 ± 1 d of age and weighed 522 ± 4 kg at the start of the feed intake measurement. Group 2 (n = 197) comprised fall-born calves that were 343 ± 1 d of age and weighed 448 ± 4 kg at the start of the feed intake measurement. At the end of each feeding period, ADFI and ADG were calculated. Subsequently, steers were ranked based on their standardized distance from the bivariate mean (ADG and ADFI) assuming a bivariate normal distribution with a calculated correlation between ADG and ADFI. Four steers with the greatest deviation within each Cartesian quadrant were sampled (n = 16/group; 2 groups). In the event a sire breed was overrepresented within a quadrant, a steer with the next highest rank of a different breed was selected. Quadrant 1 comprised steers that had greater ADG (2.14 ± 0.08 kg/d) and greater ADFI (12.76 ± 0.37 kg/d), quadrant 2 comprised steers that had greater ADG (1.84 ± 0.08 kg/d) and less ADFI (8.36 ± 0.08 kg/d), quadrant 3 comprised steers that had less ADG (1.26 ± 0.08 kg/d) and less ADFI (7.86 ± 0.08 kg/d), and quadrant 4 comprised steers that had less ADG (1.38 ± 0.08 kg/d) and greater ADFI (11.64 ± 0.08 kg/d). The result was a 2 × 2 factorial design consisting of greater and less ADFI and greater and less ADG (Myer et al., 2015a) . Steers were allowed ad libitum access to feed within 1 h before harvest. At the end of the feeding period, steers were harvested and approximately 15 mL of jejunum contents were sampled. The 2 feeding studies yielded 32 animals for analysis. Immediately following sampling, samples were individually stored in buffered peptone water (pH 7.0) + 15% glycerol stock for processing and kept at -70°C for long-term storage after processing.
Deoxyribonucleic Acid Extraction, Amplification, and Sequencing
Deoxyribonucleic acid was extracted from jejunum samples using a repeated bead beating plus column method (Yu and Morrison, 2004) . Briefly, 0.3 g of sample was centrifuged for 5 min at 16,000 × g at 4°C to pellet solids including bacterial cells and then pelleted solids were resuspended in 0.2 mL Tris-EDTA (pH 8.0) buffer. Cell lysis was achieved by bead beating 0.15 g of the resuspended sample in ZR BashingBead Lysis Tubes (Zymo Research Corp., Santa Ana, CA) using the TissueLyser II system (Qiagen, Hilden, Germany) for 3 min at 21 Hz in the presence of 4% (wt/vol) SDS, 500 mM NaCl, and 50 mM EDTA. After mechanical and chemical cell lysis, 10 M ammonium acetate (260 μL) was used to precipitate and remove the impurities and SDS followed by equal volume isopropanol precipitation for the recovery of the nucleic acids. Supernatants were treated with 2 μL ribonuclease (10 mg/mL) and proteinase K (QIAamp DNA Stool Mini Kit) followed by the use of QIAamp columns from the Qiagen DNA Stool Mini Kit (Qiagen, Hilden, Germany). Genomic DNA concentration was determined using a NanoDrop 1000 spectrophotometer (Thermo Scientific, Wilmington, DE).
Amplicon library preparation was performed by PCR amplification of the V1 through V3 region of the 16S rRNA gene, using modified universal primers 27F (5′-adaptor/index/AGAGTTTGATCCTGGCTCAG) and 519R (5′-adaptor/index/GTATTACCGCGGCTGCTG) including TruSeq adapters sequences and indices as well as AccuPrime Taq high fidelity DNA Polymerase (Life Technologies, Carlsbad, CA). Amplification consisted of 23 cycles, with an annealing temperature of 58°C. Products were purified using AmPure bead purification (Agencourt AMPure, Beckman Coulter, Danvers, MA) and all libraries were quantified by the PicoGreen ds-DNA quantitation kit (Invitrogen Corp., Carlsbad, CA) and by real-time PCR on the LightCycler 480 system (Roche Diagnostics, Mannheim, Germany). The PCR amplicon libraries were sequenced using the 2 × 300, v3 600-cycle kit and the Illumina MiSeq sequencing platform (Illumina, Inc., San Diego, CA).
Sequence Read Processing and Analysis
All sequences were processed using the QIIME 1.8.0 software package (Caporaso et al., 2010) . Paired reads were joined using fastq-join (Aronesty, 2011) and filtered for quality (sequences that had a mean quality score below Q25) using the Galaxy server (Blankenberg et al., 2010) . Sequences that contained read lengths shorter than 400 bp were removed and adapters/index sequences were trimmed. Chimeric sequences were checked using ChimeraSlayer (Haas et al., 2011) . All cleaned sequences were classified into taxa using the Greengenes 16S rRNA Gene Database (DeSantis et al., 2006) . Operational taxonomic units (OTU) were calculated using the uclust program (0.03 dissimilarity; Edgar, 2010) . After calculating richness for each quadrant, singletons were removed from further diversity analyses. Based on rarefaction curves, the number of OTU was normalized via subsampling 25,000 sequences from each jejunum sample. A phylogenic tree was built with FastTree (Price et al., 2010) to determine α-and β-diversity metrics.
Statistical Analysis
All analyses were conducted using SAS 9.4 (SAS Inst. Inc., Cary, NC). The mean abundances (n = 8) of data metrics and each taxon were compared among the feed efficiency groups using a model of contemporary group and Cartesian quadrant (greater ADG and greater ADFI [ADG Greater -ADFI Greater ], greater ADG and less ADFI [ADG Greater -ADFI Less ], less ADG and less ADFI [ADG Less -ADFI Less ], and less ADG and greater ADFI [ADG Less -ADFI Greater ]) as fixed effects. Significant differences were determined at P < 0.05 with the Benjamini-Hochberg method used for multipletesting corrections (Benjamini and Hochberg, 1995) . Multiple-testing corrections were made for the number of phyla, the number of OTU groups, and other classified taxa groups. Linear contrasts were then applied to significant quadrants to separate whether microbial populations varied by less vs. greater ADG, less vs. greater ADFI, or their interaction (P < 0.05). Principal coordinates analysis (PCoA) was performed using weighted and unweighted UniFrac analyses (Lozupone and Knight, 2005) .
RESULTS
Diversity of Jejunum Bacterial Communities
The sampled jejunum contents of 32 steers, grouped into 4 feed efficiency phenotypes, resulted in a total of 10,847,155 sequence reads with an average read length of 500 bp after quality control and chimera detection and removal. Individual samples yielded an average of 338,974 cleaned sequence reads. Operational taxonomic units were defined as a bin of sequence reads sharing ≥97% nucleotide sequence identity. Within the total cleaned sequences, a total of 32,663 OTU were detected with an average of 1,306 ± 267 per individual jejunal content sample. The average number of OTU detected from each Cartesian quadrant ranged from 1,134 to 1,455 OTU. Singletons accounted for approximately 48% of all OTU detected within the jejunum content samples. Coverage, as determined by Good's coverage estimator, ranged from 99.40 to 99.68%. Additionally, bacterial diversity (Shannon diversity index) ranged from 3.53 to 4.61.
Comparison among feed efficiency phenotype classes was conducted by normalizing the individual samples. Each sample OTU table was rarefied to 25,000 sequence reads, based on sample rarefaction curves, and singletons were then discarded. The normalized samples were then used for analysis using the sample means within each Cartesian quadrant. The normalized, cleaned sequences were examined using α-diversity metrics, consisting of bacterial diversity (Shannon diversity index), richness (Chao1), and coverage (Good's coverage estimator; Table 1 ). The overall OTU within each feed efficiency group did not differ significantly (P > 0.05), with an average of 499 ± 159 OTU per group. This was also paralleled by the Chao1 richness metric, estimating 743 ± 195 OTU per group. Bacterial diversity indicated no significant differences among groups (P > 0.05), with a range of 3.53 to 4.61. Coverage was deemed adequate among feed efficiency phenotype groups, with a range of 99.40 to 99.68%, representative of the ADG Less -ADFI Greater and ADG Greater -ADFI Less groups, respectively.
Using an OTU-centric approach, the phylogenybased method, UniFrac, was used to determine if the data separate into any sample clusters, via PCoA (Fig. 1 ). This β-diversity measure takes the phylogenetic divergence among the OTU into account when determining the differences within the jejunum microbial communities from each feed efficiency class (Lozupone et al., 2007) . The PCoA of the jejunum microbial communities indicated no separation into clusters in either the weighted (quantitative) and unweighted (qualitative) UniFrac distances of the jejunum microbial communities (Lozupone et al., 2011) .
Taxonomic and Operational Taxonomic Unit Composition
The 10,847,155 cleaned sequences were classified using the Greengenes 16S rRNA Gene Database (DeSantis et al., 2006) resulting in 21 phyla, 51 classes, 94 orders, 198 families, and 397 genera. The unassigned taxa accounted for approximately 1.6% of the sequences. At the phylum level, Firmicutes dominated the data set across feed efficiency groups, ranging from 74 to 90% of the total sequences (Fig. 2a) . This was similar to results demonstrated in previous studies regarding 1 ADG Greater -ADFI Greater = greater ADG and greater ADFI; ADG Greater -ADFI Less = greater ADG and less ADFI; ADG Less -ADFI Less = less ADG and less ADFI; ADG Less -ADFI Greater = less ADG and greater ADFI. n = 8 among groups.
2 OTU = operational taxonomic units.
3 Within a column, means for the individual subsamples did not differ (P < 0.05).
4 Means among the groups were compared using ANOVA and the Tukey's Test.
Figure 1.
UniFrac (Lozupone and Knight, 2005) principal coordinates analysis (PCoA) displaying correlations among the bacterial communities of the 4 feed efficiency groups. A) Weighted PCoA analyzed from rarefied subsets of 25,000 sequences from each sample. B) Unweighted PCoA analyzed from rarefied subsets of 25,000 sequences from each sample. n = 8, represented by differing symbols. ADG Greater -ADFI Greater = greater ADG and greater ADFI; ADG Greater -ADFI Less = greater ADG and less ADFI; ADG Less -ADFI Less = less ADG and less ADFI; ADG Less -ADFI Greater = less ADG and greater ADFI. microbial communities within the jejunum contents of cattle (de Oliveira et al., 2013; Malmuthuge and Griebel, 2014) . Interestingly, the ADG Greater -ADFI Less group was noticeably reduced in the relative abundance of Firmicutes although not significantly (P = 0.40) relative to the remaining groups (74 to 90 ± 6.97%). Additionally, the phylum Proteobacteria (0.8 to 5.8 ± 1.28%) showed significant increases (P = 0.030) in relative abundance within the ADG Greater -ADFI Less group (Table 2) . Other dominant phyla included Actinobacteria (6 to 13 ± 5.65%), Tenericutes (0.4 to 4 ± 1.58%), and Bacteroidetes (0.4 to 1.1 ± 0.26%), but no significant differences between groups were observed (Fig. 2a) . The remaining phyla accounted for less than 1% of the cleaned sequences and no significant differences were observed for these minor phyla across the groups.
At the genus level, Ruminococcus (12.2 to 19.6 ± 3.64%), Butyrivibrio (2.6 to 7.7 ± 1.30%), Lactobacillus (2.8 to 4.2 ± 1.67%), Bulleidia (0.8 to 1.9 ± 0.61%), Mogibacterium (1.1 to 1.7 ± 0.28%), and Mitsuokella (0.05 to 1.27 ± 0.46%) were detected at greatest relative abundance within the feed efficiency phenotype classes, and each represented ≥1% of the total sequences (Fig.  2b) but did not differ among groups. Propionibacterium ranged from 0.07 to 7% (±3.05) but no significant effect of group was observed. There were several taxa that were not classified to the genus level but were present in great relative abundance within the groups. Notably, these included the families Clostridiaceae (13.5 to 29.7 ± 8.47%), Ruminococcaceae (13.9 to 19.6 ± 3.64%), Micrococcaceae (0.1 to 8.9 ± 4.61%), Lachnospiraceae (2.0 to 3.9 ± 1.06%), and Coriobacteriaceae (1.5 to 4.3 ± 1.72%) and additional classifications within the families Clostridiaceae (4.7 to 13.4 ± 4.18%) and Lachnospiraceae (0.7 to 1.4 ± 0.38%). Any remaining taxa were not listed and deemed nondetectable at relative abundances of ≤0.001%.
Several other taxa were identified at low relative abundances, but significant differences in relative abundance among feed efficiency groups were observed ( Table 2 ). The genera Acidaminococcus (P = 0.018) and Kaistobacter (P = 0.046) were greatest in relative abundance within the ADG Greater -ADFI Less group, whereas Ammoniphilus (P = 0.022) and Lysinibacillus (P = 0.041) were most abundant within the ADG Less -ADFI Greater group. Mycetocola (P = 0.031) was least abundant within the ADG Greater -ADFI Greater group. Other taxa that were not classified to the genus level but demonstrated significant changes in relative abundance among the feed efficiency groups were the families Isosphaeraceae (P = 0.039) and Eubacteriaceae (P = 0.049), which were greatest in relative abundance within the ADG Less -ADFI Greater group, and Sphingomonadaceae (P = 0.035), which were greatest in relative abundance within the ADG Greater -ADFI Less group. The family Planococcaceae (P = 0.008) was least abundant within the ADG Less -ADFI Less group. All taxa were defined as present in at least 50% of the samples.
The changes in relative abundance of OTU across all feed efficiency groups was also examined (Table 3) . For this analysis, consideration was given to only OTU detectable at relative abundances > 0.001% and present in at least 50% of the samples. Several relative abundances within the genus Butyrivibrio were identified with significant differences in relative abundance among the groups, specifically increases within the ADG Greater -ADFI Less group. The OTU of greatest relative abundance that differed among the feed efficiency groups classified as Butyrivibrio and ranged from 1.9 to 6.0% (OTU-8445; P = 0.041). Four other OTU also classified as Butyrivibrio, and the lowest significant OTU ranged from 0.003 to 0.024% (OTU-3871; P = 0.025). The OTU classified as genus Corynebacterium (OTU-6355; P = 0.029) and the species Lysinibacillus boronitolerans (OTU-2387; P = 0.040) also demonstrated significant differences in relative abundance among feed efficiency groups, with greatest abundance within the ADG Greater -ADFI Less and ADG Less -ADFI Greater groups, respectively. Additionally, 3 OTU not classified to the genus level were different and included the families Mogibacteriaceae (OTU-4862; P = 0.008), Coriobacteriaceae (OTU-5116; P = 0.012), and Lachnospiraceae (OTU-5345; P = 0.035) and were greatest in relative abundance within the ADG Greater -ADFI Less group.
Effect of Gain and Intake
The effect of the microbial comminutes on ADG and ADFI additionally were analyzed to determine whether the associated microbial populations differed by less vs. greater ADG, less vs. greater ADFI, or their interaction. This was performed to examine the microbial population associations among the contributing factors of feed efficiency. The significant relative abundances of taxa and OTU between ADG and ADFI are listed in Tables 4 and  5 , respectively. All significant taxa were either associated with ADG or associated with the combined ADG × AFDI interaction. No taxa were associated with intake alone (Table 4) , but 5 taxa were determined to have a significant effect for either gain or the interaction. When examined using OTU, 10 OTU were significant for either the main effect or the interaction. Corynebacterium (OTU-6355; P = 0.004) and the family Mogibacteriaceae (OTU-4862; P = 0.011) were significant for the interaction. Of the OTU identified as Butyrivibrio, 4 of the 5 were significant for ADFI (Table 5 ) and no other OTU was significant for this main effect. The remaining classified OTU Figure 2 . The taxonomic profiles for the relative phylum-level (A) and genus-level (B) abundance of each group classified by representation at ≥0.001% of total sequences. Taxonomic composition of the jejunum microbiota among the 4 groups was compared based on the relative abundance (sequences of a taxon/total sequences in a sample). ADG Greater -ADFI Greater = greater ADG and greater ADFI; ADG Greater -ADFI Less = greater ADG and less ADFI; ADG Less -ADFI Less = less ADG and less ADFI; ADG Less -ADFI Greater = less ADG and greater ADFI. with significant effects were associated with ADG, which included the families Coriobacteriaceae (OTU-5116; P = 0.033) and Lachnospiraceae (OTU-5345; P = 0.024) as well as the species Lysinibacillus boronitolerans (OTU-2387; P = 0.032).
DISCUSSION
Microbial-GIT associations are essential for the overall well-being of the animal host. In cattle, much study has appropriately focused on the microbiome of the rumen and its specialized role of supplying energy and protein to the animal. In recent years, rumen-microbial interactions have emphasized specifically feed efficiency, but this vision is limited, and with knowledge garnered from the GIT of other mammals it is imperative to examine the microbial effect on host nutrition and health throughout the entire GIT of cattle. The GIT has multiple regions with specific functions, and it has been demonstrated that there are differences among the microbial populations among the segments of the GIT (Frey et al., 2010; de Oliveira et al., 2013) . Consequently, one cannot infer host-microbe associations farther upstream within the GIT from the sampling of digesta from sites more distal, for example, where fecal samples are used to examine the function of the entire GIT. The jejunum is important for host digestion of nutrients and absorption, and this study is among the first to assess the variation of microbial communities as a function of feed efficiency within the jejunum of steers.
Microbial abundance and diversity drastically decreases within the jejunum compared with other sections along the GIT (de Oliveira et al., 2013; Reti et al., 2013; Myer et al., 2015a,b,c) . Previous ruminal studies have sampled to depths of ≤25,000 sequences/ sample and have acquired adequate coverage (Jami and Mizrahi, 2012; Myer et al., 2015a) . To characterize most of the bacterial OTU within the jejunum contents of the steer, the study normalized the samples to liberal depth of 25,000 sequences/sample. Depth estimates were also referenced from sample rarefaction curves. The study was able to recover approximately 99% of all OTU calculated at 0.03 dissimilarity, determined by Good's coverage estimator. Sequencing coverage estimates and rarefaction curves as well as previous coverage estimates all indicated adequate depth for jejunum microbial community analyses.
The use of next-generation sequencing technologies allowed for deeper sequencing of the GIT segment and greater identification of OTU when compared with previous studies (de Oliveira et al., 2013; Reti et al., 2013) . However, next-generation sequencing is limited to shorter read lengths than traditionally generated by cloning and sequencing of full-length 16S rRNA genes. The 16S rRNA gene contains multiple regions containing variable sequences interspersed with conserved regions, of which the region spanning the V1 through V3 regions was selected for the present study. Despite the increased total number of observed OTU, diversity analyses across the 4 feed efficiency groups revealed no significant differences in the number of observed OTU, richness (Chao1), or diversity (Shannon diversity index). The close similarities in the community structures were also reflected in the weighted and unweighted UniFrac PCoA, of which structure relies on the phylogenetic divergence between the OTU. The microbial populations of the jejunum among feed efficiency phenotypes did not cluster by host phenotype, further supporting the similarities among the microbial communities within each group. It was anticipated that host specificity may play a role in the similarities observed within the jejunum microbial community diversity analyses, of which some degree of host specificity has been demonstrated in the rumen (Weimer et al., 2010) . In the rumen, the association may be important because the rumen and its microbiota are predominantly responsible for the digestion of plant mass to fermentation products that the animal uses as nutrients. Accordingly, microbial community-level differences among feed efficiency groups in the rumen were not observed (Myer et al., 2015a) . However, within the jejunum, the lack of differences observed among feed efficiency groups at the community level may simply indicate that the important variation in microbial communities lies at a finer resolution, such as differences in OTU and relative taxonomic abundances, where changes may not affect the phylogenetic diversity of the populations associated with the groups but specific changes in taxa and OTU may have profound functional effects. These finer changes may be expected within the jejunum, as similar variations were observed among feed efficiency groups within the cecum, colon, and rumen (Myer et al., 2015a,b,c) The majority of the 16S rRNA gene sequences observed in all jejunum samples belonged to the phyla Firmicutes, Proteobacteria, Actinobacteria, Tenericutes, and Bacteroidetes, which have been shown to represent the majority of gut-associated phylotypes in a variety of mammals (Ley et al., 2008; Shanks et al., 2011) . These associations suggest that the abundant phyla play critical roles in the microbial ecology of the mammalian gut. There were distinct observable differences at the phylum and subphylum levels, which were especially pronounced within the ADG Greater -ADFI Less group at both the phylum and genus levels. At the phylum level, shifts in the relative proportions were apparent among feed efficiency groups for the phyla Firmicutes, Tenericutes, and Proteobacteria. A decreased prevalence of Firmicutes and increase of Tenericutes was observed within the ADG Greater -ADFI Less group, although only the shift in the relative abundance of Proteobacteria achieved statistical significance (P < 0.030). Interestingly, increases in the abundance of Firmicutes in the rumen have been associated with energy harvesting and correlated with increases of fat (Jami et al., 2014 ), but such a role in the lower GIT is unclear. The reported role and abundances of Firmicutes in the lower gut may also be confounded by the previous ambiguous assignment of the class Mollicutes, with reference to its place in Firmicutes or Tenericutes in sequences databases. Although considered to be part of the phylum Tenericutes (Ludwig et al., 2009) , this controversial assignment may still be reported as a member of the Firmicutes, altering abundance estimates within the lower GIT . Nevertheless, the trending increase in the relative abundance of Tenericutes hints at associations with increased feed efficiency. Proteobacteria have also been demonstrated to negatively correlate with Firmicutes abundances (Cook et al., 1994) but also positively correlate with feed conversion ratio (Jami et al., 2014) . It is apparent that these cross-phylum correlations necessitate further study to determine their overall correlations to feed efficiency.
The taxonomic levels below the phylum level were dominated by the families Clostridiaceae and Ruminococcaceae as well as the genera Butyrivibrio and Lactobacillus. This is in agreement with previous studies regarding the assessment of microbial communities across the GIT, in which members of the families Clostridiaceae and Ruminococcaceae dominated the small intestine of a steer (de Oliveira et al., 2013) . Additionally, similar profiles were identified in the jejunal digesta-associated bacterial communities in the GIT of calves (Malmuthuge and Griebel, 2014) . Again, distinct observable differences were present within the ADG Greater -ADFI Less group. There was little similarity between the rumen and the jejunum regarding the significant taxa and their relative abundance, which was anticipated due to changes in the functional tissue and environmental conditions within the rumen and jejunum (Myer et al., 2015a) . This observation also aids the continuing support that the microbial populations within distal sections of the GIT are distinct from those of the rumen. Additionally, the microbial communities of the jejunum were distinct from those of the cecum and the colon (Myer et al., 2015b,c) , demonstrating the microbial specificity of each niche and substantiating the functional association of each GIT section and its respective microbial community. However, overall the microbial communities of the cecum and colon were phylogenetically more similar to the jejunum than to that of the rumen (P.R. Myer, unpublished data), which also may be expected due to the great differences in functionality between the rumen and more distal sections of the GIT.
Significant differences in the relative abundance of specific taxa within the jejunum among the 4 groups were also observed. With reference to its putative functions, Acidaminococcus are AA-fermenting bacteria found in the rumen (Cook et al., 1994) and its presence in jejunal digesta of the most efficient animals may be indicative of greater GIT proteolytic activity for these animals. Interestingly, Ammoniphilus was observed, which is an obligately oxalotrophic, ammonium-dependent aerobic organism (Zaitsev et al., 1998) . Oxalate degradation is common in the GIT and is preventative to the formation of kidney stones, but this activity has been associated with the anaerobic bacterium Oxalobacter formigenes in either the rumen or lower GIT (Allison et al., 1985) . The role of the aerobic organism Ammoniphilus in the jejunum is unknown. Identification of significant differences among the family Sphingomonadaceae, which are α-proteobacteria, account for much of the observed phyla Proteobacteria. Kaistobacter is a genus within the family Sphingomonadaceae previously observed in soil communities (Ceja-Navarro et al., 2010) , and although observed at low relative abundance, this genus shifted across the feed efficiency groups similar to Proteobacteria.
Examination of the relative abundance of significant OTU within the jejunum revealed many associations with the genus Butyrivibrio. The family Lachnospiraceae OTU may be related in function to the other significant Butyrivibrio OTU because Butyrivibrio is a member of the family Lachnospiraceae. Fiber digestion occurs not only in the rumen but also in the intestinal tract (Warner et al., 1972) , and the hemicellulolytic activity of Butyrivibrio, combined with its abundance, plays an important role in fiber digestion. Yet the residence time in the jejunum may not be long enough to see significant fiber digestion. Butyrivibrio can ferment a wide range of sugars, which may explain its presence. Other significant OTU, such as the families Mogibacteriaceae and Coriobacteriaceae, are present in GIT microbial population analyses (de Menezes et al., 2011; Gharechahi et al., 2015) , but little has been studied as to their functional association within the GIT of ruminants.
Feed efficiency is a function of gain and intake, and the potential effect of the components feed efficiency may be important. Significant identified taxa and OTU were examined to determine whether the microbial populations differed individually by gain (ADG) or intake (ADFI) or if an interaction was observed with the microbial group. Within both taxon and OTU analyses, the majority of the significantly identified taxa and OTU were associated with AGD or the interaction of ADG and ADFI. Interestingly, Butyrivibrio was the only assignment that was associated solely with intake. Research has demonstrated that in ruminants, animals with high performance, high energy density, and high ADFI tended to have decreased ruminal fiber digestibility (Tan et al., 2002) . Digestible fiber that is not degraded in the rumen or escapes digestion in the rumen becomes available for digestion in the lower GIT. Consequently, changes in the abundance of these organisms in the jejunum may play an important role in feed efficiency, which is supported by the data in this study. Again, residence time within the jejunum may limit the extent of cellulose digestion. Changes in the abundance of the butyrate-producing Butyrivibrio may influence the energy pool available to enterocytes, of which butyrate is known to be a primary metabolic fuel for enterocytes (Wächtershäuser and Stein, 2000; de Graaf et al., 2010) . Among other effects butyrate has on gastrointestinal epithelial cells, such as epithelial cell proliferation and differentiation and colonic barrier function (Guilloteau et al., 2010) , butyrate has been shown to influence leptin expression in bovine adipocytes, affecting the regulation of food intake and energy expenditure (Soliman et al., 2007; Arora et al., 2011) . In summary, the known biology associated with Butyrivibrio and the GIT suggests that the observed shifts in prevalence could lead to significant changes in host feed efficiency. Although likely a small percentage, it is important to note that some of the observed bacterial abundance may be a result of spillover from the rumen, either as surviving organisms or as residual DNA. However, common and abundant organisms in the rumen (Myer et al., 2015a) , such as Ruminococcaceae, which exhibit cellulolytic activity in the rumen, are also important in the postruminal degradation of cellulose and starch in the small and large intestine. Moreover, given the short passage time through the jejunum, spillover organisms from the jejunum likely contribute to the presence and great abundance of these functional organisms within the distal GIT (Myer et al., 2015b,c) . Yet the natural method of passage and residence of these organisms should not overshadow their presence and function within respective GIT segments.
The majority of the taxa and OTU identified as associating with changes in feed efficiency in this study were related to the known fermentative and metabolic activities in the cattle jejunum, based on the putative microbial functions, and have been previously demonstrated as common components in jejunal microbial communities (de Oliveira et al., 2013) . Although β-diversity metrics indicated no significant differences between the microbial communities of differing feed efficiency in steers, changes in the relative abundance of specific taxa and OTU were identified when the data were examined at higher resolution. These changes in the jejunum have been correlated with feed efficiency and may also play a role in affecting downstream associations with the digesta and microbial communities in the distal GIT. It must be noted, however, that although the changes in taxa and OTU and their putative functions in the jejunum can be correlated with the observed differences in the phenotypes, it is not clear whether changes in the microbiome are contributing to differences in feed efficiency or host factors are driving changes in the microbiome.
Previously, associations between the bovine ruminal microbiome and feed efficiency have been reported, but few studies have examined the relationship between the microbial communities in distal portions of the GIT and feed efficiency. Although the jejunum contains significantly fewer OTU and reduced phylogenetic diversity compared with the rumen (de Oliveira et al., 2013; Myer et al., 2015a) , this study was able to identify specific associations with feed efficiency, ADG, and ADFI. However, as examination of farther distal portions of the GIT continues, studies may require greater sequencing depth to uncover changes in the abundances of taxa and OTU as OTU count and diversity drastically increase. Additionally, the effect on feed efficiency may become less pronounced. Regardless, analyzing the microbial communities throughout the entire lower GIT should better aid in the complete understanding of the relationship between microbial populations in the GIT and feed efficient cattle.
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